Purpose: The aim of this study was to investigate wound healing in the retinal pigment epithelium (RPE) after traumatic indirect choroidal rupture using fundus autofluorescence (FAF) and spectral-domain optical coherence tomography (SD-OCT). Methods: A total of 14 eyes of 14 patients with traumatic indirect choroidal rupture were included. Baseline and last follow-up FAF images were compared to evaluate the extent of RPE healing after choroidal rupture, and associated morphologic characteristics were examined by SD-OCT. Results: The size of the RPE lesion was reduced in five eyes. The change occurred in the fovea in four eyes and in the macula in three eyes. The change was noted in both the fovea and the macula in two eyes; in these cases, the changes were more prominent in the fovea than in the macula. Extra-macular lesions and lesions with deep choroidal involvement did not show any reduction in size. Choroidal neovascularization (CNV) developed in seven eyes. There was no extra-macular CNV. Conclusion: Retinal pigment epithelium (RPE) wound healing after traumatic choroidal rupture is affected by location and extent of the lesion.
Introduction
Choroidal rupture is a tear of the choroid, Bruch's membrane and retinal pigment epithelium (RPE; Von Graefe 1854), and indirect choroidal rupture is almost four times more common than direct choroidal rupture (Ament et al. 2006) . Indirect choroidal rupture occurs away from the site of impact, and generally affects an area temporal to the disc and involves the fovea (Aguilar & Green 1984; Ament et al. 2006 ). Foveal involvement is associated with poor visual outcomes and with formation of choroidal neovascularization (CNV; Ament et al. 2006) . However, recovery of good central vision over longer follow-up in eyes with foveal choroidal ruptures has also been reported (Raman et al. 2004) .
Healing of choroidal rupture, mainly consisting of fibrovascular proliferation, has been reported in histopathological studies (Aguilar & Green 1984) and in optical coherence tomography (OCT) studies (Lavinsky et al. 2011) . However, wound healing in the RPE after choroidal rupture has not been examined in detail. In this study, we reviewed fundus autofluorescence (FAF) and spectral-domain OCT (SD-OCT) images from patients with traumatic indirect choroidal rupture to evaluate RPE wound healing.
Materials and Methods
This retrospective observational case series was performed at two medical centres (Severance Hospital and Konkuk University Medical Center) between October 2008 and May 2015. The research adhered to the tenets of the Declaration of Helsinki, and Institutional Review Board (IRB) approval was obtained from both hospitals. We enrolled patients who were diagnosed with indirect choroidal rupture presenting within 1 week of trauma. Indirect choroidal rupture was confirmed by fundus exam, FAF and SD-OCT (Spectralis HRA + OCT, Heidelberg Engineering, Heidelberg, Germany), and patients who underwent these examinations at least two consecutive times were included in the analysis. Patients with significant media haziness (vitreous haemorrhage or corneal opacity) or severe subretinal haemorrhage precluding measurement by FAF imaging were excluded.
The main outcome measures were change in the lesion size over time on FAF imaging and associated SD-OCT findings in eyes with indirect choroidal rupture. Choroidal rupture was seen on FAF imaging as a well-defined hypoautofluorescent area. Changes in lesion size were evaluated by overlapping baseline FAF images and last follow-up FAF images using Adobe Photoshop CS2 (Adobe Systems Incorporated, San Jose, CA, USA). Lesions were classified as foveal (within a circle of 1500 lm diameter), macular (within a circle of 5500 lm diameter, but not defined as foveal) and extra-macular. SD-OCT was used to evaluate morphological characteristics and extent of the rupture. Measurements were performed by two examiners (J.Y.S., B.C.), and the average values were used in the analysis. Patient characteristics, including age, sex, duration of follow-up, best-corrected visual acuity (BCVA) at baseline and last visit, development of fluorescein angiography-confirmed CNV and history of anti-vascular endothelial growth factor (VEGF) treatment during follow-up were also recorded.
Results
A total of 14 eyes of 14 patients with traumatic indirect choroidal rupture were included. The mean age was 26.1 AE 9.03 years (range 12-45 years) and 11 patients (78.6%) were male. Mean duration of follow-up was 17.5 AE 13.9 months (range 1-39 months). BCVA was 1.02 AE 0.70 logMAR at baseline (range 0.2-2.0) and 0.83 AE 0.75 logMAR at last follow-up (range 0-2). Patient characteristics are shown in the Table 1. At initial FAF imaging, choroidal rupture was seen as a well-defined hypoautofluorescent area surrounded by a hyperautofluorescent rim. The choroidal rupture involved the fovea in eight eyes, the macula in 11 eyes and the extra-macular area in seven eyes. Initial SD-OCT imaging showed disruption of the RPE-choriocapillary layer with varying degrees of concave depression or forward protrusion of tissue. Six eyes (Patients 3 [extramacular lesion], 4, 6, 8, 11 and 13) had deep choroidal discontinuity involving the full thickness of the medium choroidal vessels (Sattler's layer), and three of these eyes (Patients 4, 6 and 11) also showed full-thickness retinal discontinuity.
Lesions in five eyes (patients 1, 2, 3 [macular lesion], 5 and 12) were smaller on FAF imaging at last follow-up compared to baseline measurements. Size reduction was observed in the fovea (4 eyes) and the macula (3 eyes). In two eyes (Patients 1 and 2), the size reduction was noted in both the fovea and the macula, and reduction in lesion size was greater in the fovea (86% and 67% respectively) than in the macula (81% and 22% respectively) (Figs 1 and 2). Injuries with deep choroidal discontinuity or full-thickness retinal discontinuity (Fig. 3) did not show signs of RPE healing, and no size reduction was noted in extra-macular lesions.
During the follow-up period, seven eyes developed foveal or macular CNV. Three of the five eyes (Patients 1, 2 and 3) that ultimately showed RPE healing developed CNV during the follow-up period. All three patients were successfully treated with anti-VEGF therapy, and there was no sign of lesion expansion associated with CNV. There was no CNV reported in association with extra-macular lesions.
Discussion
Fundus autofluorescence imaging confirmed RPE wound healing after choroidal rupture in five eyes in this study. RPE healing and reduced lesion size was associated with the location or the extent of the injury. Extra-macular lesions and those with deep choroidal involvement did not show reduced lesion size during follow-up. Areas of RPE healing were seen on the fovea or on the macula, and did not have associated deep choroidal involvement. In two cases with findings of RPE healing at both fovea and macula, the foveal portion of the lesion showed a greater reduction in size than the macular portion.
Wound healing after choroidal rupture, mainly consisting of fibrovascular proliferation, has been reported previously (Aguilar & Green 1984; Kempster et al. 1996; Lavinsky et al. 2011; Nair et al. 2013) . Histopathological findings associated with choroidal rupture include fibrovascular tissue None 0 E Pt = patient; yrs = years; M = male; F = female; F/U = follow-up; BCVA = best-corrected visual acuity; logMAR = logarithm of the minimum angle of resolution; CNV = choroidal neovascularization; # of anti-VEGF = number of anti-vascular endothelial growth factor injection.
proliferation and RPE hyperplasia, accomplished within 2-3 weeks after the trauma (Aguilar & Green 1984; Kempster et al. 1996) . Closure of choroidal rupture with subfoveal deposit has been observed on OCT by approximately 24 days after trauma (Lavinsky et al. 2011 ). On FAF imaging, choroidal rupture appears as a well-defined linear hypoautofluorescent defect, which is surrounded by a hyperautofluorescent rim that is indicative of RPE hyperplasia during healing (Lavinsky et al. 2011) . However, to our knowledge, ours is the first study to use FAF to describe wound healing in the RPE after traumatic indirect choroidal rupture. RPE healing has been described in animal studies and in patients with age-related macular degeneration (Chuang & Bird 1988; Lopez et al. 1995) . RPE healing in eyes with AMD appears to be compromised Rabenlehner et al. 2007) , whereas eyes such as those included in this study would be expected to have relatively healthy RPE surrounding the area of damage because traumatic choroidal rupture often affects younger individuals. Furthermore, choroidal rupture occurred at various locations with varying extents of damage. Thus, in vivo evaluation using the methods described in this study can provide useful information regarding RPE wound healing. A sequence of cell spreading, migration and proliferation has been proposed as a mechanism for resurfacing of localized RPE defects . After experimental injury, small RPE defects are covered by cell spreading with limited division of RPE cells, whereas larger defects result in proliferation of RPE cells and become fibroblastic (Marshall & Mellerio 1971) . In addition to lesion size, the degree of damage in Bruch's membrane and the choriocapillaries, the depth of the cleavage plane and the health of Bruch's membrane are thought to influence RPE healing (Mendis & Lois 2014) , and regeneration of the RPE monolayer appears to depend on the extent of damage to the RPE, Bruch's membrane, the choriocapillaries and the neural retina (Grierson et al. 1994 ). An intact RPE basal lamina supports resurfacing to a much greater degree than that observed in cases in which deeper layers of Bruch's membrane are exposed . In this study, RPE wound healing was not observed in lesions with severe tissue damage such as full-thickness retinal discontinuity or deep choroidal discontinuity. This finding is consistent with the previous reports.
The regional differences in RPE wound healing that were observed in this study may be related to macular and extra-macular anatomical and physiological differences. The macula has a dense distribution of photoreceptors and RPE cells and a more The FAF sequence shows the reduction in the lesion size over time, more so on the fovea than on the macula. The corresponding SD-OCT and fundus photography show that the lesion is covered by a layer of hypopigmented RPE. Choroidal neovascularization (CNV) developed 2 months after the trauma, and it was treated successfully with three-monthly injections of anti-vascular endothelial growth factor (VEGF).
abundant blood supply from the choroidal circulation (Abdelsalam et al. 1999) . Other factors may include a regional imbalance in secretion of pro-angiogenic and anti-angiogenic cytokines after cellular injury or a difference between hydrostatic and oncotic pressure gradients (Friedman et al. 1995) . These differences may also account for the susceptibility of the macula to CNV after compromise of Bruch's membrane. The macular region has shown a predisposition to laser-induced CNV in monkeys (Shen et al. 2004) , and there is also increased risk of CNV after choroidal rupture within the arcades and with rupture closer to the fovea (Secr etan et al. 1998; Ament et al. 2006) . We found that all CNV in this study developed in the foveal or macular area, and not in the extra-macular area. Wound healing responses are characterized by inflammation, angiogenesis and fibrosis, and serve to restore the integrity of the injured structure, and many growth factors, including those of the VEGF family, are involved (Grierson et al. 1994; Sugino et al. 2003) . The more robust wound healing response in the fovea and the macula may be associated with the increased propensity to CNV in these regions. This study had several limitations, including its retrospective design and the small number of patients. The relatively short durations and varying intervals of follow-up were also limitations. In contrast to earlier studies (Aguilar & Green 1984) , two patients with short follow-up intervals (Patients 1 and 2) in our study had continued RPE wound healing even after 1 month (between 1 month and 3 months after the initial injury). Further prospective studies with larger numbers of patients and uniform follow-up are needed to understand the ) performed at baseline, 1 month and 6 months after trauma (temporal sequence from left-right in all rows) show gradual RPE wound healing. FAF imaging shows the reduction in the lesion size over time, more so on the fovea than on the macula. The corresponding SD-OCT imaging and fundus photography show that the lesion is covered by a hypopigmented RPE layer. Choroidal neovascularization (CNV) developed 2 months after the trauma, and it was treated successfully with two-monthly injections of anti-vascular endothelial growth factor (VEGF).
entire process of RPE healing. Also, we did not evaluate whether anatomically resurfaced RPE is functional. We expect that future work will address this question.
In conclusion, we investigated RPE healing after traumatic indirect choroidal rupture using FAF, and found that it was influenced by the location and extent of the injury. FAF can provide detailed and quantitative information regarding RPE healing in eyes with traumatic choroidal rupture. Future studies may further elucidate the physiology of RPE wound healing and aid with design of follow-up and treatment plans for these patients.
